One sentence summary: Salamanders alter the functional diversity of fungal communities through a multi-trophic top down process.
INTRODUCTION
The soil decomposer community is a primary driver of carbon cycling in forest ecosystems. Understanding the processes that regulate this community is critical to our understanding of the global carbon cycle (Bradford et al. 2017) . The flow of energy within an ecosystem can be dominated by either topdown forces, where predators influence consumers, or bottomup forces, where producers influence consumers (Wardle et al. 2004) . Ecosystems are heavily influenced by predators, which exert selection pressure on prey populations, influence prey population health and demography (Packer et al. 2003; Ostfield and Holt 2004; Creel et al. 2007) , increase prey species diversity (Paine 1966; Sih et al. 1985; Cote and Sutherland 1997) and influence prey population behaviors (Ripple and Beschta 2012) . Often, these top-down processes have unexpectedly far-reaching and cascading effects upon multiple trophic levels (Paine 1966; Ripple and Beschta 2012) . Simultaneously, prey populations and primary producers can influence and control numbers of predators, exerting bottom-up effects (Coley, Bryant and Chapin 1985; Power 1992) . These competing forces can be difficult to predict and quantify (Meserve et al. 2003; Elmhagen and Rushton 2007) , and are perhaps best investigated in controlled experiments. For example, tide pools in the Pacific Northwest provided foundational evidence for top-down control of ecosystems using natural, replicated field enclosures as microcosms (Paine 1966) . Similarly, natural experiments taking advantage of apex predator reintroductions (e.g. wolves in Yellowstone; Ripple and Beschta 2012) and invasive species introductions (e.g. Burmese pythons in south Florida; Dorcas et al. 2012 ; Brown tree snakes in Guam; Wiles et al. 2003) provide compelling evidence for the importance of predator trophic cascades in determining the structuring and functioning of biological communities.
The general applicability of theory developed from these classic examples is supported by additional studies in diverse ecosystems (Pace et al. 1999; Shurin et al. 2002) . For example, deciduous forests represent an interesting exception to most ecosystem trophic structures, and yet show similar top-down and bottom-up trophic interactions (Moore et al. 2003) . Since most annual primary productivity input is in the form of leaves discarded by trees in autumn, these forests have an inverted food web, wherein fungi and detritivores in the soil and leaf litter play a larger role than live plant material and grazing herbivores (Chen and Wise 1999; Wardle et al. 2004) . Perhaps due to their complexity and cryptic diversity, such detritivore-based trophic webs ('brown world' food webs) are less well known than traditional 'green world' (e.g. based upon primary productivity) and aquatic food webs (Wu et al. 2011) . In eastern North America, this difference is reflected in the smaller biomass of grazing herbivores and their predators (caterpillars and birds) compared to the biomass of the most numerous predators of the detritivore food web (salamanders). For example, in the Hubbard Brook experimental forest in New Hampshire, a single salamander species (Plethodon cinereus) outranked all the forest birds in terms of biomass (Burton and Likens 1975) . Recent appraisals have suggested these estimates may have been too conservative, and salamander densities can be much higher than previously reported (Petranka and Murray 2001; Semlitsch, O'Donnell and Thompson 2014) .
In addition, compared to the dramatic impact of apex predators, the contribution of secondary consumers on trophic interactions remains less clear. The absence of apex predators is often accompanied by a corresponding increase of smaller predators (mesopredator release), which can have alarming effects on ecosystem function (Elmhagen and Rushtin 2007; Prugh et al. 2009 ). Abundant mesopredators can have disproportionate impacts on certain prey populations, causing cascading effects on lower trophic levels and producers (Myers et al. 2007; Prugh et al. 2009; Sieben et al. 2011) . However, as is usually the case, primary producers ultimately control mesopredators through bottom-up interactions (Elmhagen and Rushtin 2007) .
Salamanders are abundant secondary consumers (mesopredators) that can influence the invertebrate community within the forest floor of deciduous forests, contributing to carbon and nutrient cycling (Semlitsch, O'Donnell and Thompson 2014) , causing changes in the rate of decomposition of leaf litter (Walton and Streckler 2005) , and influencing fungal community structure (Walker et al. 2014) . These effects are due to their role as the primary predator of the detritivore invertebrate community. They are abundant predators on such prey as mites, springtails and other small invertebrates (Petranka 1998; Wyman 1998 ), which in turn feed upon fungi (Crowther et al. 2013) .
Previously, Walker et al. (2014) found that, although the overall diversity of fungal communities in the field were not affected by the presence of the salamander P. cinereus, certain fungal taxonomic groups were considerably altered. Yet it remains unclear which fungal taxa and functional groups are most responsive, and the functional consequences of such top-down control continue to be mostly unknown. To generate a mechanistic understanding of the role of P. cinereus as a keystone predator in deciduous forest soils, we conducted a laboratory experiment to evaluate the results of our previous field enclosure experiment and disentangle the key drivers of this community response (Walker et al. 2014) . We hypothesized that P. cinereus would affect the fungal community of leaf litter/humus samples, driving both community diversity changes and functional group responses in the resulting fungal community.
METHODS

Field sampling and mesocosm preparation
Red-backed salamanders (Plethodon cinereus; n = 14; ≈ 8 cm in length) were collected at Jolliffe Nursery in Wetzel Co., West Virginia, USA (39.657 • N, 80.555
• W), on 20 December 2013. A soil block (40 × 25 × 10 cm length; width; depth), including a cover object and all associated leaf litter was excavated from the exact point of salamander capture and placed into a plastic Tupperware box (40 × 25 × 18 cm length; width; depth). We acknowledge the density of one salamander per box with an area 0.1 m 2 represents about 10 times higher density than provided by Semlitsch, O'Donnell and Thompson (2014) , however, we maximized the ratio of mesocosms to total environmental chamber size to adequately replicate the experiment. Tupperware boxes were sterilized with 1:10 bleach solution and rinsed three times with sterile water prior to field sampling. Redbacked salamanders were placed into their respective mesocosms and transported back to the lab within 8 h.
Experimental design
Each mesocosm (n = 14) contained one salamander at the beginning of the experiment (n = 3 treatments). A stabilization period of 19 days was allotted to allow the salamanders to acclimate to their new habitat before beginning the study. After 19 days, we observed regular salamander movement, invertebrate activity and seedling growth reminiscent of a spring photoperiod. On Day 1 of the experiment, four mesocosms were randomly assigned to the 'absence' treatment, and salamanders were evicted from these mesocosms. On Day 42 of the experiment, an additional five of the remaining 10 mesocosms were randomly chosen and the salamanders evicted (eviction treatment). The last five mesocosms were assigned into the 'presence' treatment in which the salamander remained throughout the duration of the 84-day (12 week) experiment. All mesocosms were equally disturbed during both eviction events. Our study design was asymmetrical due to a student dropping and destroying an absence mesocosm midway through the experiment. We acknowledge that the absence category is not true absence, rather another eviction event, however, given that the red-backed salamander is known to outrank all the forest birds in terms of biomass (Burton and Likens 1975) , we found it difficult to assume that any given location in the forest was representative of true absence during field activities. All mesocosms were permanently housed in a growth chamber (Thermo Scientific Forma Environmental Chamber, Model 3920) at 21.5
• C on a 12 h dark: 12 h light cycle. Individual mesocosms were misted with 20 spray pumps of deionized water on a daily basis and 20 mL from a squirt bottle every 7 days.
Mesocosm sampling
Five soil cores (8 mm diam. corer; ≈3.5 g total mass) were taken on a weekly basis in a standardized clockwise pattern ensuring the entire mesocosm was sampled each week and no location was sampled twice throughout the study. All five cores were combined into a 50 mL Falcon tube to create a single sample representative of the fungal diversity in a single mesocosm at 13 independent sampling times (Day 1 and 12 consecutive weeks thereafter). In between mesocosm sampling the soil corer was soaked in a 1:10 dilution of bleach for 20 mins then rinsed in sterile water. Nitrile gloves were worn for all processes described above and changed in between mesocosms. All samples were stored at −80 • C until the conclusion of the experiment.
Molecular techniques and high-throughput sequencing
All soil samples (n = 182) were processed according to the following procedures prior to DNA extraction. Sterile water (1 mL) was added to each soil sample and vortexed for 60 s to homogenize individual soil cores. The samples were briefly centrifuged and 0.25 g of soil added to the cell lysis tube of the Qiagen Powersoil DNA extraction kit. DNA extraction was completed according to the manufacturer's instructions. DNA extraction and PCR negative controls were run throughout every step of wet lab work and showed no indication of contamination. Library preparation for high-throughput sequencing was completed at Michigan State University RTSF Genomics Core Facility. For each sample the fungal ITS1 region was amplified to generate Illumina compatible libraries using a two-step PCR strategy. In the first PCR step, ITS1 specific primers, as described by Schmidt et al. (2013) were used to amplify the 200-300 bp target region. These primers had Fluidigm CS1 and CS2 oligos at their 5 ends. PCR stage two used primers targeting the Fluidigm CS1 and CS2 tags to add the necessary Illumina sequences plus dual indexes for multiplex sequencing. After PCR, reaction product quantities were normalized using the Invitrogen SequalPrep DNA Normalization plates and the normalized products were pooled. After library validation and quantitation, the pooled library was loaded onto an Illumina MiSeq flow cell (v2) and sequenced in a 2 × 250 bp paired end format using a 300 cycle v2 reagent cartridge. Primers complementary to Fluidigm CS1 and CS2 oligos were used to prime the sequencing reads. Base calling was done by Illumina Real Time Analysis (RTA) v1.18.54 and output of RTA was demultiplexed and converted to FastQ format by Illumina Bcl2fastq v1.8.4.
Bioinformatics analyses
Fungal ITS sequences (12 429 547 total reads) were analyzed with the software package mothur v.1.38.0 (Schloss et al. 2009) according to the Illumina MiSeq SOP aside from the following steps. The median length of sequences was determined to be 289 bp using the summary.seqs command, therefore, the first 289 bp of each sequence was kept using the chop.seqs command (Kowallik, Miller and Greig 2015) . Following the pre.cluster command, sequences were split into abundant and rare sequences using the split.abund command, and abundant sequences (>2 total) were further analyzed (Carlsen et al. 2012; Lindahl et al. 2013) . Sequences were discarded from the dataset if they did not align, if they were classified as Archaea, Bacteria, chloroplast, mitochondria, or unknown sequences, or if they were detected with UCHIME (Edgar et al. 2011 ) and flagged as chimeric. The remaining 945,917 sequences were clustered with VSEARCH (Rognes et al. 2016 ) by OTU at 97% sequence similarity. OTUs with less than six reads (Lindahl et al. 2013) were removed using remove.rare and the dataset subsampled to 1078 sequences per sample to remove heterogeneity and normalize. After filtering, four samples (week 1 eviction, week 7 absence, week 12 presence and week 12 eviction) were removed due to the small number of sequences that passed all quality control metrics. Taxonomy was assigned to the OTUs using the UNITEv6 reference set. Fungal OTUs were then characterized into functional guilds using default settings in FUNGuild to include only groups falling into the categories 'probable' (n = 805) or 'highly probable' (n = 69) as suggested by Nguyen et al. (2016) . For reproducibility purposes, all mothur commands are included in Supplementary Text File 1.
Statistical analyses
The complete dataset included 64 presence, 51 absence, 34 preeviction and 29 post-eviction samples. The data set was coded and analyzed for all α-and β-diversity comparisons in two ways, including a two-and four-factor analysis. The two-factor analysis simply assessed salamander presence or absence by coding all pre-eviction samples as 'presence' and post-eviction samples as 'absence'. Whereas, the four-factor analysis coded for presence (12 week), absence (12 week), pre-eviction (weeks 1-6) and post-eviction (weeks 7-12) samples. To assess differences in alpha diversity, we used Shannon's diversity index (H ) to compare changes between treatments. Shannon's diversity index values were normalized and tested for significance between both the two-and four-factor data sets using a Mann-Whitney U test or Kruskal-Wallis test, respectively. Two separate dissimilarity matrices were generated to assess ß-diversity for both the two-and four-factor coded datasets including OTU relative abundance and a Jaccard transformed matrix. To analyze the differences in fungal community composition between treatment groups we compared values from Bray-Curtis dissimilarity matrices and visualized differences using nonmetric multidimensional scaling ordination (nMDS). To determine whether treatment, mesocosm, or time (week) were significant drivers of ß-diversity in fungal communities, we used PERMANOVA by permuting with residuals under a reduced model with 999 permutations. The PERMANOVA model included the factors treatment and week run as fixed effects and mesocosm nested within treatment as a random effect. To better visualize ordination patterns, samples were averaged across the factor of treatment by week, which combined all mesocosm replicates during a single week into a single data point in nMDS ordinations.
Since the PERMANOVA results for both the two and fourfactor coded datasets indicated no significant effect of treatment, we decided to focus on the four-factor data to determine if we could tease out interesting patterns that were fungal taxon or functional group specific. We ran an indicator species analysis (Dufrene and Legendre 1997) in mothur using the indicator command to determine fungal assemblages that are characteristic to the four treatments. OTUs with statistically significant (P < 0.05) indicator values greater than 30 were retained as meaningful (Dufrene and Legendre 1997) . We utilized the lefse command in mothur to assess OTUs that are discriminative and statistically different with respect to treatment (Segata et al. 2011) .
To assess the ß-diversity patterns from functional guilds (FUNGuild analysis), we averaged all samples across the factor of treatment by week (as previously explained) for both OTU relative abundance and Jaccard transformed data. A Bray-Curtis dissimilarity matrix and nMDS ordination were computed for independent functional guilds including saprotrophs, pathotrophs, symbiotrophs, pathotrophs-saprotrophs and pathotroph-saprotroph-symbiotrophs.
Machine learning-Salamander predictability of fungal assemblages
We used a predictive machine learning approach to determine if the presence of a salamander has a measurable impact on the fungal community composition. We trained the model on a Jaccard transformed matrix, that was curated using feature selection of the top 100 OTUs, using a chi-squared test. Feature selection allowed for elimination of noisy OTUs from the dataset and improved classifier performance when compared to using the full set of features (e.g. all OTUs). A common methodology used in machine learning to manage data for such experiments is 10-fold cross-validation (Kohavi 1995) . We previously demonstrated that 10-fold cross-validation is not appropriate for repeated measures of mesocosms over time (Talbert et al. 2017) . To address this, we have evaluated a variant called leaveone-mesocosm-out sampling. In brief, we trained the model using fungal communities from 13 of the mesocosms and evaluated the model's ability to predict salamander presence using community data from the remaining one mesocosm. This process was repeated using each of the 14 mesocosms as the evaluation set. We included a sliding time window into our model that would allow fungal communities to respond to invertebrate grazing following experimental removal of a salamander. We modeled change from zero (an instantaneous change in the fungal community) to 6 weeks, with a 1 week sliding window. We assumed that model performance (predictability) was optimal when the window size best matches the actual time taken for the fungal community to stabilize following salamander removal. When the sliding window was set at a non-zero value, N, we allowed the fungal community N weeks to change in response to salamander eviction. Thus, we would only start labeling samples as absent, N weeks after the removal of the salamander.
Four metrics were used to score the performance of our predictive models; accuracy, area under the receiver operating characteristic (AUROC), Cohen's Kappa (CK) and the Matthew's Correlation Coefficient (MCC). Accuracy is the percentage of correctly classified labels given a testing set. Accuracy alone is insufficient to determine the performance of our classifier, as our data is unbalanced. There are more samples labeled 'present' in the data than 'absent', and as our sliding window grows (0→6 weeks), the imbalance becomes more pronounced. The AUROC is the comparison of the rate of samples accurately predicted to be true versus the rate of those that were inaccurately predicted as true. An AUROC of 0.5 signifies random chance (no relationship in the data found) while an AUROC of 1.0 indicates a perfect classifier (Fawcett 2006 ). Cohen's Kappa compares an observed accuracy yielded by the model, with an expected accuracy, or the chance of the model predicting a given label. Higher CK scores indicate a stronger predictive model. The MCC is another metric used to assess the performance of a binary classifier that is insensitive to unbalanced data (Baldi et al. 2000) . MCC scores range from −1 to 1, with −1 indicating the model Table S1 (Supporting Information).
predicted every sample incorrectly, and 1 indicating all predictions were correct.
RESULTS
Our analysis of the soil fungal communities revealed 6318 shared OTUs. For the two-factor coded data set, the species richness (α-diversity) of soil communities was not significantly different across salamander treatment groups (U = 3420, P = 0.1438). In addition, the PERMANOVA of OTU relative abundance data revealed no clear differences in fungal communities across treatments (F = 0.9238, P = 0.572). However, there was a significant effect of week (F = 1.2288, P = 0.001), which was consistent across all treatments and mesocosm (nested in treatment; F = 2.2797, P = 0.001), and no interaction between treatment and week (F = 1.0118, P = 0.354). The PERMANOVA of Jaccard transformed data suggested the same patterns (treatment [F = 0.8381, P = 0.693], week [F = 1.253, P = 0.001], interaction between treatment and week [F = 1.0019, P = 0.483]). The nMDS analysis revealed patterns suggestive of a top-down effect of salamanders on fungal communities (3D stress = 0.15) when all individual samples were averaged across the factor of treatment by week (Fig. 1 ).
For the four-factor coded data set, the species richness (α-diversity) of soil communities was not significantly different between presence, absence, pre-eviction and post-eviction treatment groups (F 4 = 2.633, P = 0.4517). The PERMANOVA of OTU relative abundance data suggested that the composition of the fungal soil communities do not differ by treatment (F = 1.178, P = 0.118), however, there was a significant effect of week (F = 1.1257, P = 0.001), which was consistent across all treatments (F = 1.007, P = 0.404). The PERMANOVA of Jaccard transformed data suggested the same patterns (treatment [F = 1.030, P = 0.384], week [F = 1.280, P = 0.001], interaction between treatment and week [F = 1.004, P = 0.435]). The nMDS analysis revealed patterns suggestive of a top-down effect of salamanders (3D stress = 0.12) on fungal communities when all individual samples were averaged across the factor of treatment by week (Fig. 2) . Furthermore, a similar pattern was observed for fungal saprotrophs ( Fig. 3A and B ) and pathotrophs-saprotrophs ( Fig. 3G and H) . The indicator analysis identified 20 OTUs, 10 of which overlapped with lefse results that are characteristic to each treatment ( Fig.  4 ; Table S1 , Supporting Information). The lefse analysis identified 16 OTUs that are discriminative and statistically different with respect to the four-factor treatment. Using the machine learning sliding window model, we were able to determine salamander presence/absence with the highest degree of accuracy at three weeks post-eviction (Table 1 ). The AUROC, CK and MCC scores all converged at 3 weeks indicating 89.9% model accuracy. The window size of six has the second highest accuracy (88.2%), but the lowest AUROC, CH and MCC scores. When the window size is 6, only 23 of the 178 samples are 'absent', indicating the classifier could obtain an accuracy of 87% simply by choosing the majority class for each prediction. In summary, our results indicate that time coupled with salamander presence are predictive of changes in soil fungal communities.
DISCUSSION
Predicting how multi-trophic level biotic interactions influence ecosystem processes is a primary aim for community ecologists. Soil fungal communities have been previously shown to respond to a variety of ecological factors including, but not limited to, soil fertility gradients (Sterkenburg et al. 2015) , elevated temperature and moisture gradients (A'Bear, Jones and Boddy 2014a; A 'Bear et al. 2014b) , forest removal (Crowther et al. 2014 ) and invertebrate grazing (Crowther et al. 2013) . When bottom-up limitations on microbial activity are alleviated, top-down control becomes an increasingly important regulatory force, with the capacity to dampen the strength of functional guild activity (Crowther et al. 2015) . Here, we show that the presence of a mesopredator in the detritivore food web leads to changes in fungal diversity and functional guild assignment. Indirect regulation of fungal communities by salamanders via invertebrate predation may have functional consequences in detritivore systems given that fungal extracellular enzymatic activity determines soil quality and nutrient cycling rates (Sinsabaugh et al. 2008) . Results from our controlled lab experiment parallel those of Walker et al. (2014) , although the latter study did not detect as pronounced changes to fungal communities in field mesocosms, thus emphasizing the importance of a controlled environment to tease out underlying patterns of change.
The predator-prey interactions within the detritivore community takes on a complex hierarchical structure, with salamanders at the top level, predating on invertebrate communities, which selectively graze on fungal communities at the lowest level of the triad. Previous work has highlighted the capacity of several arthropod taxa (Collembola, Isopods) to exert direct top-down control by feeding directly on fungal communities in the detritivore ecosystem (Crowther, Boddy and Jones 2011; Tordoff et al. 2011; Crowther, Boddy and Jones 2012; Crowther et al. 2013) . In contrast, the influence of salamanders is likely to be a multi-trophic process, mediated by their grazing on soil invertebrates. Interestingly, we found that experimental removal of this higher trophic level was associated with a functional shift within the saprotrophic fungal guild. Using machine learning, we determined a 3-week lag effect for soil fungal communities to respond to salamander eviction. We postulate predation release on invertebrates leads to their selective grazing of saprotrophic fungi. Digestion of mycelium and production of feces may further stimulate growth of saprotrophs (Lindahl et al. 2010 ) thus accentuating a top-down effect. Saprophytic fungi are known regulators of soil biodiversity in woodland ecosystems (Baldrian 2012) making the rate at which community change (≈ 3 weeks) accumulates alarming, especially given recent declines in salamander populations due to the chytrid pathogen Batrachochytrium salamandrivorans, and the likelihood of its spread to North America (Stokstad 2014 (Stokstad , 2017 . If salamanders were extirpated from forest systems, the detritivore community and important ecosystem processes could be adversely affected (Elmhagen and Rushtin 2007; Prugh et al. 2009 ). Importantly, observed community changes were not based solely on OTU relative abundance, which is subject to bias (Amend, Seifert and Bruns 2010) . Jaccard-transformed ordinations depicted the same patterns as those determined by OTU relative abundance.
Accurate prediction of guild function relies on database development, complete metadata and useful bioinformatics tools to predict fungal community function. Unfortunately, most of the indicator taxa that showed the strongest responses to our experimental treatments were unidentified OTUs, and so precise functional guild classification is not possible. Only three of 26 OTUs were classified at the species rank, thus making it difficult to postulate the functional importance of indicator taxa in the presence or absence of a salamander. This illustrates the importance of training taxonomic specialists to continue the description of undescribed fungal taxa and development of databases like UNITE (Kõljalg et al. 2013) to allow for characterization of high-throughput DNA sequence data.
Although our data revealed effects on several unidentified fungal taxa, the results of our experiment shed light on cryptic, but functionally important forest floor interactions. In addition, they support previous work in highlighting the critical role of salamanders in forest floor ecosystem function. Our high-throughput DNA sampling methodology and bioinformatics approach allowed us to estimate a heretofore unheralded diversity within the decomposer food web, confirming an important interaction and top-down effect before the species-level diversity of the players involved were even described. These results lend additional support for the regulatory role of vertebrate predators in structuring communities, even within hyperdiverse and complex soil decomposer systems. These findings are particularly timely and relevant in light of the alarming trend of global amphibian declines (Houlahan et al. 2000) . Understanding how forest biogeochemical cycling will respond to global change and biodiversity loss will require that we identify how the extent and magnitude of this top-down process varies across the global forest system.
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